The traditional wireless power transfer circuit uses the full-bridge or half-bridge inverter, which has complex circuit and control and low reliability. To solve these problems, a single-switch LC resonant circuit is proposed, which is simple in structure and can realize zero voltage switching (ZVS) without the problem of shoot-through. The circuit parameters and working process are modeled and analyzed. However, due to the influence of resonance, the common Si devices can not meet the demand because of the high blocking voltage of the switch. For this purpose, the circuit characteristics of SiC-based devices are studied, and the differences of driving and temperature characteristics between SiC MOSFET and Si MOSFET are compared. Finally, a single switch wireless power transfer (WPT) platform based on SiC MOSFET is built, which proves that SiC devices have great advantages in the field of WPT.
I. INTRODUCTION
In recent years, with the continuous development of wireless power transfer (WPT) technology, more and more fields adopt the way of wireless power supply or wireless charging. WPT can be divided into three basic forms: inductively coupled power transfer (ICPT), magnetically coupled resonant power transfer and microwave radio power transfer [1] . At present, ICPT has been widely used in practice, such as electric vehicle wireless charging [2] , implantable medical equipment [3] , tail-free household appliances, marine exploration [4] , underground mine power supply [5] and so on.
Currently, the main circuit topology of ICPT system mostly adopts full bridge voltage type inverters [6] - [9] , half bridge LLC voltage type resonant inverters [10] , [11] and single switch LC resonant inverters [12] , [13] . For the full-bridge inverter circuit, the circuit is widely used, but there are some problems, such as complex circuit, high cost, complex drive, low reliability, it is not easy to implement ZVS and so on. For half-bridge LLC resonant circuit, it has been widely used and studied in enterprises and universities [14] . It has many advantages, such as high gain, high efficiency, all switches can achieve soft switching, but the parameter design is relatively complex and the cost is high. For single switch
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LC resonant inverters, the switch can realize zero-voltage turn-on and quasi-zero-voltage turn-off [15] . Because of the existence of compensation capacitor, the leakage inductance energy has been well utilized, which is suitable for small and medium ICPT applications. The disadvantage, though, is that due to the high resonant voltage, the voltage stress of the switch is as high as over 1000 V. Common MOSFETs cannot reach this capacity, so the switch can only choose IGBT with high blocking voltage. But, when the switching frequency is greater than 25kHz, the loss of IGBT will increase sharply with the increase of switching frequency, reducing the efficiency of the system and increasing the volume and cost. In addition, according to the national standard of China, the switching frequency of wireless power transfer should reach more than 85kHz, and IGBT cannot meet the requirements.
In view of the above problems, the use of SiC devices provides the feasibility of high frequency conversion of single switch circuits. Due to its high breakdown electric field intensity, good thermal stability, high carrier saturation mobility, good electrical conductivity, small dielectric constant and other excellent characteristics, SiC shows its advantages of high temperature resistance, high voltage resistance, high frequency performance and low switching loss [16] , [17] . However, the application experience of SiC devices in various practical application circuits is less, especially in the single-switch circuit. In addition, because of the low on-resistance and low on-voltage of SiC and GaN devices, the resonant voltage of WPT using this device is slightly higher than that using Si device. Compared with the popular GaN devices, SiC devices are more suitable for high voltage applications, while GaN devices are suitable for high frequency applications.
There is not much literature on the application of SiC devices in the field of WPT. In [18] , the structure and parameter design of WPT system based on SiC devices were carried out, and simulation studies were carried out from the aspects of input voltage characteristics, output load characteristics, transmission frequency characteristics and overall system efficiency. However, the full-bridge inverter was adopted, which leads to complex driving and low reliability. The authors of [19] - [21] analyzed the influence of temperature of SiC devices on the driving resistance in detail, but did not study the junction temperature characteristics of SiC and ordinary Si devices in actual operation. At present, PSPICE simulation method is mostly adopted in the research of SiC devices to study the self-characteristics of devices under different conditions by establishing different models [22] , [23] .
In this paper, SiC MOSFET is applied to single-switch LC resonant circuit, which effectively solves the problem that the working frequency of single-switch circuit cannot be improved, meanwhile, the zero-voltage switching is realized, which reduces switching loss and improves system efficiency. The topology of single-switch LC resonant, as well as an operation principle analysis, is discussed in Section II. Design of main parameters of the circuit is presented in Section III. The performance comparison of Si and SiC switching devices in circuits is presented in Section IV. The application experiment of SiC MOSFET is presented in Section V and the conclusions are drawn in Section VI.
II. PROPOSED MAIN CIRCUIT A. PRINCIPLE OF MAIN CIRCUIT
The principle of the single-switch LC resonant ICPT circuit is shown in Fig. 1 . The circuit consists of a transmitting circuit connected to the power supply and a receiving circuit connected to the load. Input u i is an AC power with frequency of 50Hz and amplitude of 220V, respectively. After full-bridge rectification, it converted into a peak value of 310V/100Hz, and then filtered by L 1 C 1 , through the inverter resonant unit composed of Q 1 , C p and L p . The energy is transmitted from the L p to the receiving circuit, and the receiving circuit is composed of L S , C S , high frequency rectifier bridge, C 2 and load.
B. WORKING PROCESS OF MAIN CIRCUIT
Single-switch LC resonant inverting circuit uses a single switch for inversion. When the switch is turned on, the power supply charges the transmitting coil and transfers energy to the receiving coil. When the switch is turned off, the transmitting coil and the compensation capacitor C p resonate and continue to transfer energy to the receiving coil. The working process waveform is shown in Fig 2. To facilitate the analysis, in the course of subsequent analysis a constant voltage source was adopted to replace this structure. Fig. 3 shows the working process of each mode of the system. From the analysis, it can be got that the switch is turned on only when the diode connected in parallel with the switch is turned on, and the switch realizes ZVS.
Mode1 [t 0 -t 1 ]: At time t 0 , the driving voltage of the switch Q becomes a high level, at which time, the current of the transmitting coil L p is negative, and the switch Q is not turned on. The voltage at both ends of the primary compensation capacitor C p is the input supply voltage. When the current flowing through the diode D Q drops to zero, that is, at t 1 time, the switch Q is turned on and realized ZVS. At this time the current direction on the receiving coil Ls is negative.
Mode2 [t 1 -t 2 ]: At time t 1 , the switch Q turns on and the current on the transmitting coil L p changes from negative to positive. At this model, the current on the transmitting 
coil L p increases linearly, and the voltage in the primary compensation capacitor C p is clamped to the input voltage. At time t 2 , the driving voltage of the switch Q becomes a low level and the switch Q turns off. At this model, the current in the receiving coil L s is negative and then positive.
Mode3 [t 2 -t 3 ]: At time t 2 , the voltage across the drain source of the switch increases gradually, the transmitting coil L p starts to resonate with the primary compensation capacitor C p . On the one hand, the current of the transmitting coil L p increases positively, the voltage of the primary compensation capacitor C p decreases positively, and the current of the transmitting coil L p reaches its maximum at t 3 . On the other hand, the transmitting coil L p releases energy to the receiving coil L s to supply the load demand.
Model4 [t 3 -t 4 ]: At time t 3 , the voltage of the primary compensation capacitor C p drops to zero, the transmitting coil L p starts charging the C p in reverse. At time t 4 , the voltage of the primary compensation capacitor C p is reversed to the maximum, the current of the transmitting coil L p is reduced to zero, and the voltage across the drain source of the switch Q reaches the maximum. The current of the receiving coil L s increases to the maximum.
Model5 [t 4 -t 5 ]: As the primary compensation capacitor C p discharges into the transmitting coil L p , the reverse voltage on C p decreases and the reverse current on L p increases. At time t 5 , the reverse current on L p increases to a maximum, the voltage on C p decreases to zero, and the current on the receiving coil L s gradually decreases to zero.
Model6 [t 5 -t 6 ]: The primary compensation capacitor C p is charged by the transmitting coil L p , the voltage across the capacitor rises gradually and the current through the L p decreases gradually. At time t 6 , the voltage across the primary compensation capacitor C p rises to the supply voltage, and the voltage across the drain source of the switch Q drops to zero. The current in the receiving coil L s increases in reverse direction.
Model 7 [t 6 -t 7 ]: The current through the transmitting coil L p decreases in reverse and the voltage across the primary compensation capacitor C p remains at the supply voltage. The current on the L p is continued by the reverse parallel diode of the switch Q, and the voltage at both ends of the switch Q is approximately zero, waiting for the driving signal of the Q to turn on at a high level to realize ZVS. Fig 4 shows the equivalent model of primary and secondary inductances of single-switch LC resonant circuit is adopted. Receiver impedance is converted to transmitter impedance by using the equivalent model of mutual inductance. U in is the input voltage on the transmitter coil and resonant capacitor. U ocs is the equivalent voltage source from the coil to the receiver. Z r is the reflection impedance, which is the equivalent impedance of the receiving circuit. L p and L s are the transmitting coil inductance and the receiving coil inductance, respectively. r p and r s are the internal resistance of the transmitting coil and the internal resistance of the receiving coil. C p is the primary compensation capacitor and C s is the secondary compensation capacitor. R eq is the equivalent load resistance.
III. DESIGN OF MAIN CIRCUIT PARAMETERS A. PARAMETER CALCULATION
As shown in Fig.4 . U in is the voltage across the capacitor Cp. In practical calculation, it is approximately assumed that U in is the fundamental sine voltage after Fourier decomposition of the voltage U cp . The equivalent impedance Z s of the receiver can be given as follows [24] :
The reflection impedance Z r which from receiving circuit to transmitting circuit can be derived as follows:
In order to make the receiving circuit completely resonant and realize ZPA (zero power angle), the relationship between L s and C s can be obtained from (1) when the imaginary part of Z s is zero. After the circuit is equivalent to the transmitting circuit, the total impedance Z p of the transmitting circuit can be obtained:
The real part and the imaginary part of the total impedance of the transmitting circuit obtained by (3) are:
In order to make the reactive circulating current in the main circuit as low as possible and improve the system efficiency, the transmitting circuit should be in the state of full compensation, and the total impedance should be purely resistive, so that ZPA can be realized, i.e. the imaginary part is zero, and the primary compensation capacitor C p can be obtained.
According to the KVL equation for writing the transmitting and receiving circuits listed in Fig. 4 , it is possible to obtain:
The output voltage across the equivalent load resistor R eq is:
From (5) and (6), the voltage gain of the system can be obtained as follows:
The output power and efficiency of the resonance circuit can be expressed as: 
After calculating the parameters, the relationship between output power and efficiency and mutual inductance is drawn as shown in Fig. 5 . With the increase of mutual inductance, the output power increases first and then decreases. When the mutual inductance is 38µH, the output power reaches its maximum, and the theoretical value of circuit efficiency is 92%.
B. ANALYSIS OF EACH MODEL
According to the working process of each stage shown in Fig. 3 and the equivalent circuit diagram of Fig. 4 , the working process can be simplified into two stages, which can be classified according to whether the voltage at both ends of the compensation capacitor C p is the input voltage.
When the switch driving signal changes from low to high, the transmitting coil L p first passes through a diode connected in parallel with the switch. When the current drops to zero, the switch turns on. At this time, the voltage on the compensation capacitor C p is the input voltage U dc , and the current of the transmitting coil rises approximately linearly. This stage can be expressed as:
When the current of the transmitting coil is zero as t = 0, then i Lp can be solved as follows:
When the switch is off, the current of the transmitting coil is approximately as follows:
T is the period of the switch and D is the duty cycle. Because the inductance current will not change abruptly, when the current of the transmitting coil is negative, the current will continue to flow through the reverse parallel diode of the switch tube, which still satisfies the state equation at this stage, but t is negative, and the current of the transmitting coil is negative.
When the switch is off, because of the energy exchange between the compensation capacitor C p and the transmitting coil L p , the voltage at both ends of the compensation capacitor is no longer the input voltage. After the capacitor C p transfers the energy to L p and Z r , it continues to charge backwards until the current drops to zero and the voltage on the capacitor reaches the reverse maximum value. At this time, the voltage on the switch is also the maximum value, and then the capacitor C p is released backwards to the inductor L p . With energy release, the inductance current increases in reverse, and the capacitor voltage continues to rise to the input voltage after zero. In order to simplify the formula, it is considered that the time t = 0 is the switch off time. The equation of state at this stage can be expressed as:
Simplification can be obtained (13)
There are two conjugate complex roots for the second order differential equation. Assumption:
Therefore, the voltage across the capacitor C p can be obtained by the analysis. t 1 is the time when the switch is turned off.
Since the initial value of this stage is approximately the end value of the previous stage, i Lp (0) = I L1 , u Cp (0) = −U dc is brought into (14) , and you can obtain:
The current of the transmitting coil can be obtained by introducing (14) into (12):
where, γ = arctan β α When the transmitter coil current is zero, the voltage on the compensation capacitor reaches the maximum, and the maximum voltage is:
At this time, the voltage stress of the switch reaches the maximum value, which is:
When the power supply voltage is 220V ac , the rectified voltage U dc is 310V. Therefore, the voltage stress of the switch reaches over 1000V, with the resonance of compensating capacitor C p and transmitting coil L p . For the ordinary MOSFET cannot work properly under such high voltage, the traditional scheme is implemented by IGBT with higher capacity. However, when frequency is above 25kHz, the switching loss of IGBT increases sharply, resulting in reduced efficiency. According to the national standards of China, the switching frequency of wireless power transfer needs to be above 85kHz, so adopting SiC MOSFET, which can withstand high temperature and high pressure, has great advantages.
IV. PERFORMANCE COMPARISON OF Si AND SiC SWITCHING DEVICES IN CIRCUITS A. COMPARISON OF DEVICE CHARACTERISTICS USED IN CIRCUIT
Comparing the characteristics of Si devices and SiC devices [25] , SiC devices have advantages in all aspects. Currently, the junction temperature of SiC devices can reach 200-300 • C, while the junction temperature of ordinary Si devices is usually 175 • C. High temperature resistance features lower heat dissipation cost of devices, high thermal conductivity indicates better heat dissipation of devices, allowing SiC devices to withstand higher operating temperatures. The critical field strength of SiC devices is higher than that of traditional devices, making it able to withstand higher voltage. Currently, SiC MOSFET can withstand voltage of 1200V or even 1700V, while ordinary Si base MOSFET is below 1000V. As can be seen from the analysis in the third section, the voltage stress of the switch reaches more than 1000V due to the influence of the resonant voltage in the single-tube LC resonant circuit, so the ordinary Si bottom MOSFET cannot meet the requirements. In addition, switching frequency of MOSFET can be higher than 100kHz, while IGBT, due to the trailing effect of current, when the switching frequency above 25kHz, the switching loss increases sharply and the efficiency decreases significantly. What is more, compared with Si devices, SiC devices have smaller conducting resistance and junction capacitance under the same voltage. Considering the characteristics of devices, selecting SiC MOSFET for single switch circuit has great advantages in devices.
According to (17) in section III, the voltage stress of the switch is calculated. Three kinds of switch devices are selected for comparison. The parameters of the switch are shown in Table 1 :
As can be seen from Table 1 , the operating junction temperature range of the three selected switches is the same, and the capacity of Si IGBT and SiC MOSFET is approximately the same. Due to the small capacity of Si MOSFET, only the differences between Si MOSFET and SiC MOSFET in driving and junction temperature are studied.
B. COMPARISON OF Si MOSFET AND SiC MOSFET IN CIRCUIT
According to the types given in Table 1 , Si and SiC MOSFET are respectively applied to single-switch LC resonance circuit for analysis. Build a single-switch LC resonant main circuit with the same parameters, and choose Si and SiC MOSFET as switch respectively. As the voltage of switch is too high for ordinary MOSFET when the power supply voltage is 220V, the 100V dc power supply voltage is selected for comparative analysis. Specific circuit parameters are shown in Table 2 .
According to the parameter manual of driver chip IR2104, the maximum driving current is 270mA and the driving voltage of MOSFET is 0-15V. The driving waveform of the experiment is shown in Fig. 6, where (a) is the ordinary Si MOSFET driving waveform, (b) is the SiC MOSFET driving waveform:
As can be seen from Fig.6 (a) , the drive waveform of the ordinary Si MOSFET rises slowly when it is opened, due to the large junction capacitance of it. While the drive waveform of SiC MOSFET rises quickly as shown in Fig.5 (b) , indicating it is more suitable for high-frequency occasions.
The designed circuit basically reaches the thermal balance after running for 20 minutes without heat sink. The junction temperatures of conventional Si MOSFET and SiC MOSFET are shown in Fig.7 (a) and (b) respectively. Both switches are packaged in TO247, and the temperature is collected by the FLIR handheld infrared thermal imager. It can be seen from Fig.7 that the temperature of SiC MOSFET is slightly higher than that of ordinary MOSFET in normal operation without cooling fins. After adding the same heat sink, the temperatures of two kinds of switches are shown in Fig.8 (a) and (b) respectively.
After adding the same heat sink, the temperature of SiC MOSFET is lower than that of ordinary MOSFET, which is due to the high thermal conductivity of SiC devices. So in practical applications, the design of SiC devices for heat dissipation is easier than ordinary Si devices.
When the input voltage is 100V, the output voltage of the single switch circuit is measured by changing the DC load resistance, and the load characteristic curves of Si and SiC devices are obtained. As can be seen from Fig. 9 .
As can be seen from Fig.9 , the output voltage of the circuit using the SiC device is always higher than that of the circuit using the Si device as the circuit load varies from 4 to 10 . Compared with Si devices, SiC devices have lower on-resistance, lower on-voltage and lower loss, so under the same input voltage and load, the output voltage is higher than that of the circuit using Si devices, so the voltage gain is higher.
C. COMPARISON OF TRANSMISSION FREQUENCY CHARACTERISTICS BETWEEN Si IGBT AND SiC MOSFET
Si IGBT and SiC MOSFET are applied to single-switch LC resonant circuit. The selected switch type is the same as Table 1 and the working frequency of SiC MOSFET and IGBT is 100kHz and 22kHz respectively, with the same capacity. The power supply voltage is 220V/50Hz AC, and the output power is designed to be 450W. The comparison experiment is conducted when the input voltage and power are the same. Specific circuit parameters of SiC MOSFET are shown in Table 3 : Fig.10 (a) and (b) are IGBT and SiC MOSFET drive and reverse voltage withstand waveform respectively. As can be seen from the figure, IGBT and SiC MOSFET are used to realize the zero-voltage opening of the switches.
It can be seen from Fig.10 that, at the same input voltage and power, the reverse voltage of SiC MOSFET is higher than IGBT, and the voltage on the compensation capacitor is also higher. At the same time, the voltage gain of SiC MOSFET is larger than that of IGBT, which can also be concluded from (6) . In practice, the wireless power transfer system with higher gain is preferred, so the SiC MOSFET is more suitable for WPT. Fig. 11 is a comparison diagram of the efficiency of the two devices when the frequency changes. For convenience of comparison, normalized frequency is adopted and it is defined by (18), where f 1 and f 0 stand for the actual frequency and the resonant frequency, respectively. And for IGBT circuit, f 0 is 22kHz, for SiC MOSFET circuit, f 0 is 100kHz.
As can be seen from Fig.11 , the transmission efficiency of the system using IGBT is 87% at 22kHz, while when the frequency increases to 40kHz, the transmission efficiency of the system decreases to 83%,indicating IGBT has poor high-frequency characteristics and is suitable for operating in the range of 20kHz-40kHz.Therefore IGBT cannot meet the national standard about wireless power transfer of 85kHz of china. When the frequency is less than 100kHz, the transmission efficiency of the system using SiC MOSFET reaches 91%, and the change of efficiency is not obvious with the change of frequency. Considering all kinds of factors, SiC MOSFET has great advantages when applied to single LC resonant circuit. So the application of SiC MOSFET in singleswitch LC resonant circuit has great advantages, with comprehensive consideration.
V. APPLICATION EXPERIMENT OF SiC MOSFET
According to section IV, SiC MOSFET is applied to single-switch LC resonant circuit, and an experimental VOLUME 7, 2019 platform with a power of 450W is designed. The input is 220Vac with a frequency of 50Hz, and the output power is about 410W. The specific parameters are shown in Tab. III, which can be applied to household kitchen electricity, such as the occasions of fruit and vegetable machine and soybean milk machine wireless power supply. The experimental platform is shown in Fig.12 , in which the numbers 1-8 respectively represent the power analyzer, transmitting circuit, receiving circuit, receiving coil, auxiliary power supply, infrared thermography, gauss meter and load. As can be seen from Fig.12 , the input voltage is 220V, the power is about 450W, and the power factor of the system is 0.974. The receiving coil is equipped with a 1mm thick ferrite shielding layer, as shown in Fig.13 . In this WPT system, both the transmitting and receiving circuits have communication modules. When the load changes, the output voltage will change, at the same time, the receiving circuit detects the voltage change, and feeds back to the transmitting circuit through the communication module to change the driving of the switch, so as to realize the output voltage stability.
This circuit realizes zero voltage opening of switch and zero current turning off of receiving end rectifier diode, which greatly reduces the switch loss of SiC MOSFET and the reverse recovery time of diode. Fig. 14 (a) shows transmitter coil current i Lp and parallel compensated capacitor voltage U Cp , Fig.14 (b) shows receiving coil current i Ls and series compensated capacitor voltage U Cs .
As can be seen from Fig.14, the peak current of transmitter coil and receiver coil is 22A and 7.5A respectively.
VI. CONCLUSION
This paper studies the parameters and working process of the single-switch LC resonant WPT circuit, compares the characteristics of SiC and Si devices respectively applied to this circuit, and obtains the following conclusions:
First, the single-switch LC resonant circuit has no shootthrough problem, which can achieve zero-voltage turn-on and low cost. Efficiency and reliability are improved. It is suitable for small and medium power occasions.
Second, at the same input voltage and load, SiC MOSFET has higher output voltage, higher efficiency, and higher gain than Si IGBT. The output characteristics have great advantages.
Third, the SiC MOSFET has better drive characteristics, voltage characteristics and temperature characteristics than the Si MOSFET. It is more suitable for working at high voltage and high frequency. His current research interest includes wireless power transfer. VOLUME 7, 2019 
